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We discuss the effect of quantum statistics on the <? s -factor quenching in nuclear medium. We have 
found that the two nucleon correlation function can be described by a Gaussian with correlation 
length a ~ 1.2 fm. An estimate of the Ml quenching strength is given. The effect of quantum 
statistics on the retardation of the paramagnetic susceptibility is also discussed. 
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Quenching of the spin-Mi transition strength and the 
<7 s -factor in nuclear medium has been reported in differ- 
ent experiments and has been found, in general, to be 
more pronounced for heavy nuclei. The Sakai group Q 
found that the Gamow Teller (GT) transition (analogous 
to Ml) is located at 30 MeV with ~ 93% sum rule value. 
Thus, this cannot be explained by A-isobar as the GT 
transition should be at 300 MeV. A possible explanation 
of this puzzle can be found in Core polarization or 
p — h mixing with higher order contributions is the most 
promising mechanism but it seems to fail for heavy nu- 
clei All these effects have been well studied in the 
literature and one may naturally ask if new phenomena 
could contribute to the quenching of Ml strength. This 
is our goal in this paper. We propose a simple mech- 
anism, namely, the effect of quantum statistics on the 
nucleon spin correlation and consequently on the transi- 
tion strength. To the best of our knowledge, for unknown 
reasons, this effect has been rarely studied explicitly in 
nuclear physics 

In a macroscopic system, quantum statistics has led 
to a number of interesting phenomena such as ferromag- 
nctism, superconductivity and superfluidity. Recently, it 
has been shown experimentally that the free magnetic 
moments in solids that should manifest themselves in 
terms of Curie laws, are replaced by power laws for a va- 
riety of materials, e.g. salt LiHo x Yi_ x F4. This effect is 
attributed to quantum correlations of spins in the Hciscn- 
berg chain, as seen in Fig. 1 of .6). Motivated by these 
results, the aim of this paper is to evaluate the spin cor- 
relations in nuclear matter due to quantum statistics and 
its effects on the g s -factor. It should be understood that 
the spin correlations discussed here are purely quantum 
phenomena due to the indistinguishability of nucleons 
without explicit reference to the nuclear interaction 0. 

This paper is organized as follows. In the next section 
we evaluate the spin correlation function: the quantum 
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Fig. 1: The correlation function at 0° (solid line), the rela- 
tive entropy of entanglement (dashed line) and the classical 
correlation function (dotted line), are shown as a function of 
kfr. Small circles represent our predictions for the nuclear 
matter where we have used kf ~ 1.27 fm -1 and r ~ 1.2 fm. 
The large dashed line represents the Gaussian approximation 
of the mixing parameter. 



and the classical correlation between two protons inside 
a nucleus. In section II we discuss the effects of the spin 
correlations on the quenched (^-factor in calculations of 
the Ml strength. Our conclusion is given in section III. 



I. SPIN CORRELATIONS IN NUCLEAR 
MATTER 

To illustrate the correlations between nucleons, the 
Fermi gas model is used 0, 0- Thus the ground state 
of the system is described by 

i*o> = n 4 k io>, a) 
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where |0) is the vacuum state and in the continuum limits 

[ a !k' a<r'k'] = <W#(k - k'). 
In coordinate representation, the density matrix ele- 
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ments of two nucleons are 
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A straightforward calculation yields the explicit form 
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of the two-particle space-spin density matrix 

P SP = \ (ff( r i ~ r 'iM r 2 ~ r 2 )<Wi<^2^ 

-.9(ri - r' 2 ).9(r 2 - ri)<W^<Wi) ( 3 ) 

withg(r) = -lEke ikr - 

Depending on the space density matrix, two spins may 
be entangled. 

The two-spin density matrix, depending on the relative 
distance between two nucleons, r = |ri — reads 
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where /(r) = 3ji(fc/r)/fc/r and ji is the spherical Bessel 
function. We find that p s is a Werner state characterized 
by a single parameter p = / 2 /(2 — / 2 ). This result can 
be explained intuitively. In fact, because S z is conserved, 
the density matrix should interpolate between the com- 
pletely random state and the singlet state. 
In Fig. ^ we show the correlation function 0] 
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pcos(e), (4) 



as function of fc/r, and the relative entropy of entangle- 
ment im 



E r = min S(p\\p*) , 

P*ev 
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where V is a set of all separable states in the Hilbert 
space in which p is defined. Also shown in Fig. is the 
classical correlation |T^ . 

= S(p\\p A ®Pb)~ min S{p\\p*) , (6) 
p*et> 

where pa and ps are the reduced density matrices. The 
small circles in Fig. Q] represent our predictions for the 
nuclear matter with typical values of kf ~ 1.27 fm^ 1 and 
r ~ 1.2 fm ||. We observe that the mixing factor, p(r), 
can be approximated with a Gaussian function 
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with a = 1.2 fm, see Fig. 1. The mixing parameter, 
p(r), can be measured experimentally. In fact, following 
Bertulani's work 5] for weakly bound nucleons, as in the 
1 H( 6 He, 2 He) 5 H reaction, one can argue that the relative 



energy distribution of the two outgoing protons from 2 He 
is given by 
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where E pp is the relative energy between the two protons 
and R is the size of the source region. Therefore, from 
experimental data [l4j one can extract the mixing param- 
eter a |15|. Also our mixing parameter can be extracted 
from Coulomb dissociation of n Li ^(| (see forthcoming 
paper [lqV 



II. QUENCHING OF G s AND PARAMAGNETIC 
SUSCEPTIBILITY 

From the above discussion it is clear that there are non- 
negligible spin quantum correlations effects in a nucleus. 
Therefore, a natural question arises, namely, do these 
correlations play a role on the observables that depend on 
the spin of the nucleon pair? We start our discussion by 
a calculation of this effect on the Ml transition strength. 
Evidently, we expect that when two nucleons are in a 
singlet spin state the Ml transition is suppressed, or even 
forbidden, due to Pauli blocking and the energy level 
structure. Similar arguments were given in |17| upon 
requiring that the recoiling nucleon lies outside the Fermi 
sphere. The amount of singlet state is controlled by the 
factor p(r), thus the number of the suppressed transitions 
should be proportional to p(r) |Is| . 

However, we should not forget that the same corre- 
lation exists for all nucleons. This puts another con- 
straint on the Ml transition and thus we need to evalu- 
ate the multiparticle correlation function. Unfortunately 
this correlation function is not known Nevertheless, 
we can intuitively assume that the relevant correlation 
will be two-body correlations and that they will be dis- 
tributed uniformly among all nucleons. Thus, we expect 
that the g s quenching will be of the form 
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where 7 and [3 are the parameters of our model. Note 
that other global effects can be taken into account by 
multiplying g^ s by an overall factor as follows: g° s — 
9T9° thcr ■ The experimental quenching factor for Ml 
and our predictions are depicted in Fig. [2 The agree- 
ment is reasonable. The fitting parameters of Eq. [5] 
are 7 = 0.008 ± 0.002 and j3 = -0.04 ± 0.008 with 
X 2 /dof - 2.6. 

This clearly gives a reasonable value for the nuclear 
susceptibility p| 
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The key to matching the experimental susceptibility is to 
use the correct of ff , together with the reduced gi due to 
pion exchange |l5l |. 



3 




50 100 150 200 

Massnumber A 

Fig. 2: Quenching as a function of the mass number, with 
7 = 0.015. 

III. CONCLUSIONS 

We have shown in this paper that quantum statistics 
play a major role in nucleonic spin correlations inside the 
nucleus. We have found that observables involving the 



nucleon spins, e.g. Ml transition amplitudes and/or the 
paramagnetic susceptibility, are highly sensitive to spin 
correlations. A decisive test of our predictions can be 
made e.g. with two-proton radioactivity. We face two 
major problems in our model, namely: 

• a complete knowledge of the total density matrix 
and, 

• a measure of multiparticle correlations. 

We hope to address these issues in the near future. 
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